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Abstract The aim of this paper is developing a new hierarchical model to evaluate and rank the sawability
(power consumption) of carbonate rock with the use of effective and major criteria, and simultaneously
taking subjective judgments of decision makers into consideration. The proposed approach is based on
the combination of Fuzzy Analytic Hierarchy Process (FAHP) method with TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) methods. FAHP is used for determining the weights of the
criteria by decisionmakers, and then rankings of carbonate rocks are determined by TOPSIS. The proposed
method is applied for Iranian ornamental stone to evaluate the power consumption in rock sawing process.
A variety of two groups of carbonate rocks (7 types) were sawn, using a fully-instrumented laboratory
cutting rig at different feed rate (200, 300, 400 cmmin−1) at constant peripheral speed (1770 rpm) and
depth of cut (35mm). During the sawing trials, the ampere and power consumption were monitored and
calculated as performance characteristics of the saws. The results of the sawing trials (power consumption)
were used to verify the result of the applied approach for ranking the carbonate rock sawability. It was
concluded that the sawability of carbonate rocks can reliably be ranked, using the developed approach.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Circular diamond saws have been widely used in stone
factory. The performance prediction of circular diamond saw
is very important in the cost estimation and the best planning
of the plants. The performance of circular diamond saw
is affected by the complex interaction of many effective
parameters. Various attempts have been made to determine
these parameters. Generally, these parameters can be divided
into three distinct parts:
(a) Characterization of the work piece or stone.
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Open access under CC BY-NC-ND license.(b) Sawing characterization including saw operating and de-
sign characterization.
(c) Operating skills and working condition.
Among these parts, sawing characterization and operating skills
can be controlled in sawing process, but the characterization of
work piece due to stone properties cannot.
Up to now, many studies have been done on the relations
between sawability and rock characteristics in stone process-
ing. Themost famous and important studies that have been pre-
sented until now have been reviewed in Table 1.
Sawing mechanism (chip formation) can be defined as
the destruction of a work-piece material, using diamond
circular saw. The saw rotates about the saw centre, with an
angular speed, passing throughout theworkkpiece at a constant
traverse rate. The diamond particles on the segment surface
remove thematerial through scratching and cracking thework-
piece surface. During these processes, a cut is formed in two
mechanisms. In front of a grain that is engaged in the process,
stresses are affected by tangential forces. Swarf is processed
by tensile and compressive stresses. This mechanism is called
primary chip formation. The swarf is forced out through groove
in front and beside the grain. It is usually small in size but could
be abrasive. While the rock shows elastic characteristic up to
its ultimate stress, it is necessary for cutting to reach a certain
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Researchers UCS BTS YM IS SS BS H A D Gs Qc
Burgess (1978) [1] • •
WrightCassapi (1985) [2] • • • • •
Birle and Ratterman (1986) [3] •
Jenning and Wright (1989) [4] • • • •
Clausen et al. (1996) [5] • •
Wei et al. (2003) [6] • • • •
Eyuboglu and Özçelik (2003) [7] • • • •
Ersoy and Atici (2004) [8] • • • • • • • • • • •
Kahraman et al. (2004) [9] • • • • •
Gunaydin et al. (2004) [10] • • •
Ozcelik et al. (2004) [11] • • • • • •
Buyuksagis and Goktan (2005) [12] • • • • •
Ersoy et al. (2005) [13] • • • • • • • • •
Delgado et al. (2005) [14] • •
Kahraman et al. (2005) [15] • •
Fener et al. (2007) [16] • • • • •
Kahraman et al. (2007) [17] • • • •
Ozcelik (2007) [18] • • • •
Tutmez et al. (2007) [19] • • • • •
Buyuksagis (2007) [20] • • • • • • •
Mikaeil et al. (2008) [21] • •
Atici and Ersoy (2009) [22] • •
Ataei et al. (2011) [23] • • • •
Mikaeil et al. (2011) [24] • • • •
UCS: Uniaxial compressive strength; YM: Young’s Modulus; BTS: Indirect Brazilian tensile strength; IS: Impact strength; SS: Shear Strength; BS: Bending
Strength; H: Hardness; A: Abrasivity; D: Density; Gs: Grain size; Qc: Quartz content.Figure 1: Mechanical interaction between saw and stone during sawing process [13].minimum grinding thickness. The rock cut is deformed by the
compressive stress carried below the diamond. As the load
is removed, an elastic revision leads to critical tensile stress,
which causes brittle fracture. This process affected by tensile
stresses is described secondary chip formation. This is given in
Figure 1. The swarf is removed away by the coolant fluid [13].
In this paper, it was aimed to develop a newhierarchymodel
for evaluating of carbonate rock sawability. By this model,
carbonate rocks were ranked with respect to sawability. This
model can be used for cost analysis and project planning as a
decision making index. To make a right decision on sawability
of carbonate rock, all known criteria related to the problem
should be analyzed. Although an increase in the number of
related criteria makes the problem more complicated and
more difficult to reach a solution, this may also increase the
correctness of the decision made because of those criteria.
Due to the arising of complexity in the decision process, many
conventional methods are able to consider limited criteria, andmay be generally deficient. Therefore, it is clearly seen that
assessing all of the known criteria connected to the sawability,
by combining the decision making process, is extremely
significant. The major aim of this paper is to compare the
many different factors in the sawability of carbonate rock. The
comparison has been performed with the combination of the
Analytic Hierarchy Process (AHP) and Fuzzy Logic, and also the
use of TOPSIS method. The analysis is one of the multi-criteria
techniques that provides useful support in the choice among
several alternatives with different objectives and criteria. FAHP
method has been used in determining the weights of criteria by
decision makers, and then ranking the sawability of rocks has
been determined by TOPSIS method. The study was supported
by results that were obtained from a questionnaire carried out
to know the opinions of the experts in this subject.
This paper is organized as follows: in the second section
the applied theoretical concept is illustrated. In this section, a
review is done on the concept of fuzzy sets and fuzzy numbers,
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explanation of effective parameters in rock sawing, the FAHP
method is applied for determination of the weights of criteria
given by experts. Then the ranking of sawability of carbonate
rocks is carried by TOPSIS method. Eventually, in fourth and
fifth sections, the results of the application are reviewed.
These sections discuss and conclude the paper. According to
the authors’ knowledge, ranking the rock sawability using the
FAHP-TOPSIS, is a unique research.
2. Applied theoretical concept
2.1. Fuzzy sets and fuzzy numbers
To deal with vagueness of human thought, Zadeh [25] first
introduced the fuzzy set theory, which was oriented to the
rationality of uncertainty due to imprecision or vagueness.
A major contribution of fuzzy set theory is its capability of
representing vague data. The theory also allows mathematical
operators and programming to be applied to the fuzzy domain.
A fuzzy set is a class of objects with a continuum of grades
of membership. Such a set is characterized by a membership
(characteristic) function, which assigns to each object a grade
of membership ranging between zero and one. With different
daily decision making problems of diverse intensity, the results
can be misleading if the fuzziness of human decision making is
not taken into account [26]. A tilde ‘∼’ will be placed above a
symbol, if the symbol represents a fuzzy set. A Triangular Fuzzy
Number (TFN) is denoted simply as (l|m,m|u) or (l,m, u). The
parameters l,m and u, respectively, denote the smallest possible
value, the most promising value and the largest possible value
that describe a fuzzy event.
Each TFN has linear representations on its left and right side,
such that its membership function can be defined as:
µ(x | M˜) =

0, x < l,
(x− l)/(m− l), l ≤ x ≤ m,
(u− x)/(u−m), m ≤ x ≤ u,
0, x > u.
(1)
A fuzzy number can always be given by its corresponding left
and right representation of each degree of membership:
M˜ = (M l(y),Mr(y)) = (l+ (m− l)y, u+ (m− u)y)
y ∈ [0, 1], (2)
where l(y) and r(y) denote the left side representation and
the right side representation of a fuzzy number, respectively.
Many rankingmethods for fuzzy numbers have been developed
in the literature. These methods may give different ranking
results, and most methods are tedious in graphic manipulation
requiring complex mathematical calculation. The algebraic
operations with fuzzy numbers have been explained by
Kahraman [27] and Kahraman et al. [28].
2.2. Fuzzy analytic hierarchy process
The Analytic Hierarchy Process (AHP) is an approach that is
suitable for dealing with complex systems related to making
a choice from among several alternatives, and which provides
a comparison of the considered options, firstly proposed by
Saaty [29]. AHP is based on the subdivision of the problem
in a hierarchical form. There are many fuzzy AHP methods
and applications in the literature proposed by various authors
[30,31]. This paper proposes the use of FAHP for determiningthe weights of the main criteria for ranking the sawability of
carbonate rock.
In this study, the extent FAHP is utilized, which was
originally introduced by Chang [32]. Let X = {x1, x2, x3, . . . , xn}
be an object set, and G = {g1, g2, g3, . . . , gn} be a goal
set. According to the method of Chang’s extent analysis, each
object is taken, and extent analysis for each goal performed
respectively. Therefore,m extent analysis values for each object
can be obtained with the following signs:
M1gi,M
2
gi, . . . ,M
m
gi , i = 1, 2, . . . , n,
where M jgi (j = 1, 2, . . . ,m) all are TFNs. The steps of Chang’s
extent analysis [32] can be given as in the following:
Step1. The value of fuzzy synthetic extent with respect to the i
object is defined as:
Si =
m−
j=1
M jgi ⊗

n−
i=1
m−
j=1
M jgi
−1
. (3)
To obtain
∑m
j=1 M
j
gi, the fuzzy addition operation of
m extent analysis values for a particular matrix is
performed as follows:
m−
j=1
M jgi =

m−
j=1
lj,
m−
j=1
mj,
m−
j=1
uj

, (4)
and to obtain [∑nj=1∑mj=1 M jgi]−1, the fuzzy addition
operation of M jgi(j = 1, 2, . . . ,m) values is performed
as follows:
n−
i=1
m−
j=1
M jgi =

n−
i=1
li,
n−
i=1
mi,
n−
i=1
ui

, (5)
and then the inverse of the vector above is computed as
follows:
n−
i=1
m−
j=1
M jgi
−1
=
 1n∑
i=1
ui
,
1
n∑
i=1
mi
,
1
n∑
i=1
li
 . (6)
Step2. As M1 = (l1,m1, u1) and M2 = (l2,m2, u2) are two
triangular fuzzy numbers, the degree of possibility of
M2 = (l2,m2, u2) ≥ M1 = (l1,m1, u1) is defined
as:
V (M2 ≥ M1) = sup
y≥x
⌊min(µM1(x), µM2(y))⌋, (7)
and can be expressed as follows:
V (M2 ≥ M1) = hgt(M1 ∩M2) = µM2(d), (8)
=

1 ifM2 ≥ M1
0 if l1 ≥ u2
l1 − u2
(m2 − u2)− (m1 − l1) otherwise.
(9)
Figure 2 illustrates Eq. (9), where d is the ordinate of the
highest intersection point D between µM1 and µM2 . To
compareM1 andM2, we need both the values of V (M1 ≥
M2) and V (M2 ≥ M1).
Step3. The degree of possibility for a convex fuzzy number to
be greater than k convex fuzzy Mi(i = 1, 2, . . . , k)
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numbers can be defined by:
V (M ≥ M1,M2, . . . ,Mk)
= V [(M ≥ M1), (M ≥ M2), . . . , (M ≥ Mk)]
= min V (M ≥ Mi), i = 1, 2, 3, . . . , k. (10)
Assume that d(Ai) = min V (Si ≥ Sk) for k = 1, 2, . . . , n;
k ≠ i, then the weight vector is given by:
W ′ = (d′(A1), d′(A2), . . . , d′(An))T , (11)
where Ai(i = 1, 2, . . . , n) are n elements.
Step4. Via normalization, the normalized weight vectors are
W = (d(A1), d(A2), . . . , d(An))T , (12)
whereW is a non-fuzzy number.
2.3. TOPSIS method
TOPSIS (Technique for Order Preference by Similarity to
Ideal Solution) is one of the useful MADM techniques to
manage real-world problems [33]. TOPSIS method was firstly
proposed by Hwang and Yoon [34]. According to this technique,
the best alternative would be the one that is nearest to the
positive ideal solution and farthest from the negative ideal
solution [35]. The positive ideal solution is a solution that
maximizes the benefit criteria and minimizes the cost criteria,
whereas the negative ideal solution maximizes the cost criteria
and minimizes the benefit criteria [36]. In short, the positive
ideal solution is composed of all best attainable values of
criteria, whereas the negative ideal solution consists of all worst
attainable values of criteria [37]. In this paper TOPSIS method
is used for determining the final ranking of the sawability of
carbonate rocks. TOPSIS method is performed in the following
steps:
Step1. Decision matrix is normalized via Eq. (13):
rij = wij
J∑
i=1
w2ij
j = 1, 2, 3, . . . , J
i = 1, 2, 3, . . . , n. (13)
Step2. Weighted normalized decision matrix is formed:
vij = wi × rij j = 1, 2, 3, . . . , J
i = 1, 2, 3, . . . , n. (14)
Step3. Positive Ideal Solution (PIS) and Negative Ideal Solution
(NIS) are determined:
A∗ = {v∗1 , v∗2 , . . . , v∗i , . . . , v∗n}
×Maximum values, (15)
A− = {v−1 , v−2 , . . . , v−i , . . . , v−n }
×Minimum values. (16)Figure 3: Rock characteristics selected and used for assessing the sawability.
Step4. The distance of each alternative from PIS and NIS are
calculated:
d∗j =
 n−
i=1
(vij − v∗j )2, (17)
d−j =
 n−
i=1
(vij − v−j )2. (18)
Step5. The closeness coefficient of each alternative is calcu-
lated:
CCj =
d−j
d∗j + d−j
. (19)
Step6. By comparing CCj values, the ranking of alternatives are
determined.
3. Application of FAHP-TOPSIS method to multi-criteria
comparison of sawability
The purpose of this paper was to rank the rock sawability,
with the help of effective factors. Firstly, a comprehensive
questionnaire, including the main criteria of effective factor,
is designed to understand and quantify the affecting factors
in the process. Then, five decision makers from different
areas evaluated the importance of these factors with the
help of the mentioned questionnaire. FAHP is utilized for
determining the weights of the main criteria, and finally
TOPSIS approach is employed for ranking. In this way, the
ranking of carbonate sawability, according to their overall
efficiency, is obtained. Carbonate rock sawability depends
on non-controlled parameters related to rock characteristics
and controlled parameters related to properties of sawing
tools and equipment. In the same working conditions, the
sawing process and its results are strongly affected by
mineralogical and mechanical properties of rock. Taking into
consideration the reviewing of previous studies that have
been done up to now, the most important rock characteristics
that affect sawability are the rock’s texture, grain size &
shape, matrix type & cementation, quartz content, hardness,
abrasiveness, weathering, density, Schmidt hammer rebound,
uniaxial compressive strength, tensile strength and Young’s
modules. These parameters are shown in Figure 3.
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C1 C2 C3 C4 C5 C6
C1 (1, 1, 1) (0.7, 1, 1.4) (0.7, 1.4, 2.3) (0.6, 0.8, 1) (0.6, 0.7, 1) (0.6, 0.8, 1)
C2 (0.7, 1, 1.4) (1, 1, 1) (0.7, 1.3, 1.7) (0.7, 0.7, 0.8) (0.6, 0.7, 1) (0.7, 0.8, 1)
C3 (0.4, 0.9, 1.4) (0.6 0.9, 1.4) (1, 1, 1) (0.4, 0.6, 1) (0.3, 0.6, 0.8) (0.4, 0.7, 1)
C4 (1, 1.4, 1.8) (1.3, 1.4, 1.4) (1, 1.8, 2.3) (1, 1, 1) (0.8, 1, 1.3) (1, 1.1, 1.3)
C5 (1, 1.5, 1.8) (1, 1.5, 1.8) (1.3, 1.9, 3) (0.8, 1.1, 1.3) (1, 1, 1) (0.8, 1.1, 1.3)
C6 (1, 1.3, 1.8) (1, 1.3, 1.4) (1, 1.7, 2.3) (0.8, 0.9, 1) (0.8, 0.9, 1.3) (1, 1, 1)
C7 (0.4, 0.8, 1.4) (0.6, 0.7, 1) (0.4, 0.9, 1) (0.4, 0.5, 0.8) (0.3, 0.5, 0.8) (0.4, 0.6, 1)
C8 (0.4, 0.8, 1) (0.6, 0.7, 1) (0.7, 0.9, 1) (0.4, 0.5, 0.7) (0.3, 0.5, 0.7) (0.4, 0.6, 0.7)
C9 (0.4, 0.9, 1.4) (0.4, 0.9, 1.4) (0.6, 1.1, 1.7) (0.3, 0.6, 0.8) (0.3, 0.6, 0.8) (0.3, 0.7, 1)
C10 (1.3, 1.5, 1.8) (1, 1.5, 1.8) (1, 2, 3) (0.8, 1.1, 1. 3) (0.8, 1.1, 1.3) (1, 1.2, 1.3)
C11 (1, 1.2, 1.4) (0.7, 1.2, 1.4) (0.7, 1.6, 2.3) (0.6, 0.9 1) (0.6, 0.8, 1) (0.7, 0.9, 1)
C12 (0.7, 1.1, 1.4) (0.7, 1.1, 1.4) (1, 1.4, 2.3) (0.6, 0.8, 1) (0.7, 0.8, 0.8) (0.6, 0.9, 1)
C7 C8 C9 C10 C11 C12
C1 (0.7, 1.6, 2.3) (1, 1.5, 2.3) (0.7, 1.4, 2.3) (0.6, 0.7, 0.8) (0.7, 0.9, 1) (0.7, 1, 1.4)
C2 (1, 1.5, 1.7) (1, 1.4, 1.7) (0.7, 1.3, 2.3) (0.6, 0.7, 1) (0.7, 0.9, 1.4) (0.7, 1, 1.4)
C3 (1, 1.3, 2.3) (1, 1.2, 1.4) (0.6, 1.1, 1.7) (0.3, 0.6, 1) (0.4, 0.8, 1.4) (0.4, 0.8, 1)
C4 (1.3, 2, 2.3) (1.4, 1.9, 2.3) (1, 1.8, 3) (0.8, 0.9, 1.3) (1, 1.2, 1.8) (1, 1.3, 1.8)
C5 (1.3, 2.2, 3) (1.4, 2.1, 3) (1.3, 1.9, 3) (0.8, 1, 1.3) (1, 1.3, 1.8) (1.3, 1.3, 1.4)
C6 (1, 2, 2.3) (1.4, 1.9, 2.3) (1, 1.7, 3) (0.8, 0.9, 1) (1, 1.1, 1.4) (0.4, 0.7, 1)
C7 (1, 1, 1) (0.6, 1, 1.4) (0.4, 0.9, 1.7) (0.3, 0.5, 1) (0.4, 0.7, 1.4) (0.4, 0.7, 1)
C8 (0.7, 1.1, 1.7) (1, 1, 1) (0.6, 0.9, 1.7) (0.3, 0.5, 0.7) (0.4, 0.7, 1) (0.4, 0.7, 1)
C9 (0.6, 1.3, 2.3) (0.6, 1.2, 1.7) (1, 1, 1) (0.3, 0.6, 1) (0.4, 0.8, 1.4) (0.4, 0.8, 1)
C10 (1, 2.4, 3) (1.4, 2.2, 3) (1, 2, 3) (1, 1, 1) (1.3, 1.3, 1.4) (1, 1.4, 1.8)
C11 (0.7, 1.8, 2.3) (1, 1.7, 2.3) (0.7, 1.6, 2.3) (0.7, 0.8, 0.8) (1, 1, 1) (0.7, 1.1, 1.4)
C12 (1, 1.7, 2.3) (1, 1.6, 2.3) (1, 1.4, 2.3) (0.6, 0.7, 1) (0.7, 1, 1.4) (1, 1, 1)3.1. Determination of criteria’s weights
Because different groups have varying objectives and
expectations, they judge on rock sawability from different
perspectives. So, affecting criteria have different level of
significance for different users. For this reason, five decision
makers are selected from different areas and these decision
makers evaluate the criteria. FAHP is proposed to take the
decision makers, subjective judgments into consideration, and
to reduce the uncertainty and vagueness in the decision
process.
Decision makers from different backgrounds may define
different weight vectors. They usually cause not only the
imprecise evaluation, but also serious persecution during
decision process. For this reason, we proposed a group decision
based on FAHP, to improve pair-wise comparison. Firstly, each
decisionmaker (Di) individually carry out pair-wise comparison
by using Saaty’s 1–9 scale.
One of these pair-wise comparisons is shown here as
example:
D1 =

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12
c1 1 3 5 1 1 1 5 5 3 1/3 1 3
c2 1/3 1 3 1/3 1/3 1/3 3 3 1 1/5 1/3 1
c3 1/5 1/3 1 1/5 1/5 1/5 1 1 1/3 1/9 1/5 1/3
c4 1 3 5 1 1 1 5 5 3 1/3 1 3
c5 1 3 5 1 1 1 5 5 3 1/3 1 3
c6 1 3 5 1 1 1 5 5 3 1/3 1 3
c7 1/5 1/3 1 1/5 1/5 1/5 1 1 1/3 1/9 1/5 1/3
c8 1/5 1/3 1 1/5 1/5 1/5 1 1 1/3 1/9 1/5 1/3
c9 1/3 1 3 1/3 1/3 1/3 3 3 1 1/5 1/3 1
c10 3 7 9 3 3 3 9 9 5 1 3 5
c11 1 3 5 1 1 1 5 5 3 1/3 1 3
c12 1/3 1 3 1/3 1/3 1/3 3 3 1 1/5 1/3 1

.
Then, a comprehensive pair-wise comparison matrix is built,
as in Table 2, by integrating five decision makers’ grades
through Eq. (20) [38]. By this way, decision makers’ pair-Table 3: Priority weights for criteria.
Criteria Local weights Global weights
Texture 0.7362 0.0827
Grain size & shape 0.6928 0.0778
Matrix type & cementation 0.6087 0.0684
Quartz content 0.9157 0.1028
Hardness 0.9586 0.1077
Abrasiveness 0.855 0.096
Weathering 0.505 0.0567
Density 0.4587 0.0515
Schmidt hammer rebound 0.6124 0.0688
Uniaxial compressive strength 1 0.1123
Tensile strength 0.7993 0.0898
Young’s modules 0.7613 0.0855
wise comparison values are transformed into triangular fuzzy
numbers, as in Table 2.
(x˜ij) = (aij, bij, cij), lij = min
k
{aijk},
mij = 1K
K−
k=1
bijk, uij = max
k
{dijk}. (20)
After forming fuzzy pair-wise comparisonmatrix, weights of
all criteria are determined by the help of FAHP. According to the
FAHPmethod, firstly synthesis values must be calculated. From
Table 2, synthesis values with respect to the main goal are cal-
culated, as in Eq. (3). The fuzzy values are compared by using
Eq. (9), and the values of V are obtained. Then, priority weights
are calculated by using Eq. (10). Priority weights form W =
(0.736, 0.693, 0.608, 0.92, 0.96, 0.86, 0.51, 0.46, 0.612, 1,
0.799, 0.761) vector. After normalizing the mentioned values
the priority weight with respect to the main goal are extracted
as these values: 0.083, 0.078, 0.068, 0.103, 0.108, 0.096, 0.057,
0.052, 0.069, 0.112, 0.09, and 0.085.Mentioned priority weights
have been indicated for each criterion in Table 3.
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Rock sample Type Mine UCS
(MPa)
BTS
(MPa)
EQC
(%)
Gs
(mm)
SF-a
(N/mm)
YM
(GPa)
MH
(n)
1 Harsin Marble Zolfaghar 71.5 6.8 3.6 0.55 0.135 32.5 3.5
2 Anarak Marble Golsang 74.5 7.1 3.4 0.45 0.109 33.6 3.2
3 Ghermez Travertine Azarshahr 53. 4.3 2.8 1.01 0.122 20.7 2.9
4 Hajiabad Travertine Hajiabad 61.5 5.6 2.6 0.85 0.124 21 2.9
5 Darebokhari Travertine Darebokhari 63 5.4 2.7 0.87 0.127 23.5 2.95
6 Salsali Marble Salsali 68 6.3 3.2 0.52 0.105 31.6 3.1
7 Haftoman Marble Haftoman 74.5 7.2 4 0.6 0.173 35.5 3.63.2. Ranking the sawability of carbonate rock
An important problem in rock ranking is selecting the
parameters of greatest significance. Thus, in attempting to
present a ranking system for assessing rock sawability, using
all the mentioned parameters is difficult from a practical point
of view. In this ranking system, three following rules have been
considered:
(a) The number of parameters used should be small.
(b) Equivalent parameters should be avoided.
(c) Parameters should be considered within certain groups.
Considering these rules, the parameters which have been
chosen for assessing the rock sawability are listed as follows:
(a) Uniaxial Compressive Strength (UCS).
(b) Schmiazek F-abrasivity factor (SF-a).
(c) Mohs Hardness (MH).
(d) Young’s Modulus (YM).
Uniaxial compressive strength is one of the most important
engineering properties of rocks. Rock material strength is used
as an important parameter in many rock mass classification
systems. Using this parameter in classification is necessary,
because strength of rock material constitutes the strength limit
of rockmass [39]. Factors that influence the UCS of rocks are the
constitutive minerals and their spatial positions, weathering
or alteration rate, micro-cracks and internal fractures, density
and porosity [40]. Therefore, uniaxial compressive strength test
can be considered the representative of rock strength, density,
weathering, texture and matrix type. Thus, the summation of
the weights of five parameters (texture, weathering, density,
matrix type and UCS) is considered to beweight of UCS. In total,
the weight of UCS is about 0.3716.
Abrasiveness influences the tool wear and sawing rate
seriously. Abrasiveness is mainly affected by various factors
such as mineral composition hardness of mineral constituents
and grain characteristics such as size, shape and angularity [41].
Schimazek’s F-abrasiveness factor depends on mineralogical
and mechanical properties, and has good ability for evaluation
of rock abrasivity. Therefore, this index has been selected for
using in ranking system. F-abrasivity factor is defined as:
F = EQC× Gs× BTS
100
, (21)
where F is the Schimazek’s wear factor (N/mm), EQC is the
equivalent quartz content percentage, Gs are the median
grain size (mm), and BTS is the indirect Brazilian tensile
strength. Regarding the rock parameters, which are used in
questionnaires, summation of the weights of abrasiveness,
grain size, tensile strength and equivalent quartz content is
considered the weight of Schimazek’s F-abrasiveness factor. In
total the weight of this factor is 0.3664.Hardness can be interpreted as the rock’s resistance to pen-
etration. The factors that affect rock hardness are the hardness
of constitutive minerals, cohesion forces, homogeneity and wa-
ter content of rock [40]. Thus, hardness is the best index of all
above given parameters of rock material. Considering the im-
portance of hardness in rock sawing, hardness, after Schmiazek
F-abrasivity factor, is considered the most relevant property of
rock material. Regarding the questionnaires, the summation of
the weights of Mohs hardness and Schmidt hammer rebound
value was considered the total weight of mean Mohs hardness.
In total, the weight of this factor is 0.1765.
According to the rock behavior during the fracture process,
especially in sawing, the way that rocks reach the failure point
has a great influence on sawability. The best scale for rock
elasticity is Young’s modulus. Based on ISRM suggested meth-
ods [42], the tangent of Young’s modulus at a stress level equal
to 50% of the ultimate uniaxial compressive strength is used in
this ranking system. Regarding the questionnaires, the weight
of this factor is about 0.08 in total. According to FAHP results,
the final weights of major parameters are shown in Figure 4.
3.2.1. Laboratory tests
For laboratory tests, some rock blocks were collected from
the studied factories. An attempt was made to collect rock
samples that were big enough to obtain all the test specimens
of each rock type from the same piece. Each block sample was
inspected for macroscopic defects, so that it would provide test
specimens, free from fractures, partings or alteration zones.
Then, test samples were prepared from these block samples
and standard tests have been completed to measure the above-
mentioned parameters following the suggested procedures by
the ISRM standards [42]. The results of laboratory studies are
listed in Table 4 and used in next stage.
After determining the weights of criteria with FAHPmethod
and laboratory studies, ranking the sawability of carbonate
rocks is performed by TOPSIS method. Firstly, the amount of
each criterion is filled in decision matrix for each criterion.
Decision matrix is obtained with respect to important
rock properties. Decision matrix is normalized via Eq. (13).
Then, weighted normalized matrix is formed by multiplying
each value with their weights. The values of decision matrix,
normalized decision matrix and weighted normalized matrix
are given in Table 5. Positive and negative ideal solutions are
determined by taking the maximum and minimum values for
each criterion:
A∗ = {0.1545, 0.1851, 0.0396, 0.0756},
A− = {0.1099, 0.1123, 0.0231, 0.0609}.
Then, the distance of each method from PIS (positive ideal
solution) and NIS (negative ideal solution) with respect to each
criterion are calculated, with the help of Eqs. (17) and (18).
Then, closeness coefficient of each rock is calculated by using
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Decision matrix Normalized decision matrix Weighted normalized matrix
UCS SF-a YM MH UCS SF-a YM MH UCS SF-a YM MH
C1: C2: C3: C4: C1: C2: C3: C4: C1: C2: C3: C4:
1 71.5 0.135 32.5 3.5 0.4 0.4 0.42 0.42 0.15 0.14 0.04 0.07
2 74.5 0.109 33.6 3.2 0.42 0.32 0.44 0.38 0.16 0.12 0.04 0.07
3 53. 0.122 20.7 2.9 0.3 0.36 0.27 0.35 0.11 0.13 0.02 0.06
4 61.5 0.124 21. 2.9 0.34 0.36 0.27 0.35 0.13 0.13 0.02 0.06
5 63. 0.127 23.5 2.95 0.35 0.37 0.31 0.35 0.13 0.14 0.03 0.06
6 73. 0.105 31.6 3.1 0.41 0.31 0.41 0.37 0.15 0.11 0.04 0.07
7 74.5 0.173 35.5 3.6 0.42 0.51 0.46 0.43 0.16 0.19 0.04 0.08Table 6: Rankings of the sawability of carbonate rocks according to CCj
values.
Rank Carbonate rock d∗j d
−
j CCj
1 MHAF (Marble) 0 0.0882 1.
2 MHAR (Marble) 0.0415 0.0531 0.5612
3 MANA (Marble) 0.0693 0.0475 0.4065
4 MSAL (Marble) 0.0738 0.0434 0.3705
5 TDAR (Travertine) 0.0579 0.0316 0.3527
6 THAJ (Travertine) 0.0629 0.0269 0.299
7 TGH (Travertine) 0.0741 0.0179 0.1952
Figure 5: The power consumption ranking of carbonate rocks based on CCj .
Eq. (19) and the ranking of the rocks are determined according
to these values. The sawability ranking of carbonate rocks are
also shown in Table 6 and Figure 5 in the descending order of
priority.
4. Discussion
For validation of applied ranking system, experimental
procedure was carried out. The power consumption was used
as amajor criterion for evaluating the rock sawability of studied
rocks. This criterion can be used for predicting the energyFigure 6: A fully instrumented laboratory sawing rig.
Figure 7: The power consumption of carbonate rocks in sawing trials.
cost of production rate. For this purpose, a fully-instrumented
laboratory cutting rig was used (Figure 6). The rig was based
on a commercially available machine, and was capable of
simulating realistic cutting conditions. It consists of threemajor
sub-systems, a cutting unit, instrumentation and a personal
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Rock sample Test 1 Test 2 Test 3
Fr = 200 cm/min Fr = 300 cm/min Fr = 400 cm/min
I(A) P(W ) I(A) P(W ) I(A) P(W )
1 MHAF (Marble) 12 2280. 17.5 4370. 28.6 8588
2 MHAR (Marble) 11.5 2090. 16.4 3952. 22 6080
3 MSAL (Marble) 11.5 2090. 15.7 3686. 20.2 5396
4 MANA (Marble) 11.2 1976. 16.5 3990. 22.2 6156
5 THAJ (Travertine) 11.2 1976. 15.4 3572. 19 4940
6 TDAR (Travertine) 10.6 1748. 15.6 3648. 17.2 4256
7 TGH (Travertine) 9.5 1330. 12 2280. 18 4560Figure 8: Graph of production rate against CCj .computer. Sawing tests were performed on a small side-cutting
machine, with a maximum spindle motor power of 7.5 kW.
Variation of the sawing parameters such as feed rate, depth of
cut and peripheral speedwere controlled by using amonitoring
system. The variation of ampere was measured with a digital
ampere-meter. The circular diamond saw blade used in the
present tests had a diameter of 410 mm and a steel core
of 2.7 mm thickness and 28 pieces of diamond impregnated
segments (size 40× 10× 3 mm) were brazed to the periphery
of circular steel core with a standard narrow radial slot. The grit
sizes of the diamond were approximately 30/40 US mesh at
25 and 30 concentrations. This blade is applied for stones such
as travertine, limestone and marble, which are non-abrasive
and medium hard. During the sawing trials, water was used
as the flushing and cooling medium, and the peripheral speed
and depth of cut were maintained at constant 1770 rpm and
35 mm. Each rock was sawn at particular feed rate (200, 300
and 400 cm/min). During the sawing trials, the ampere and
power consumptionweremonitored and calculated. The power
consumption of the studied rocks is shown in Table 7 and
Figure 7. According to Table 7 and Figure 7, the first rock in
ranking is Haftoman marble. It has also a maximum value
of power consumption in three sawing trials among other
rock samples. On the opposite side, Ghermez travertine has a
minimum value of power consumption and maximum value of
CCj in the new ranking method. The ranking result for all of the
studied rocks is very good for the first test. The relationship
between power consumption and closeness coefficient of the
studied rock (CCj) was also investigated graphically for fitting
a line to the set of experimental data. Based on this analysis,
among the many functions tested (linear, power, logarithmic,
exponential), the logarithmic curve relation was fitted to theexperimental data, with higher correlations than all the other
relationships. These relationships are presented in Figure 8.
As seen in Figure 8, there are highly significant statistical
relationship between power consumption and CCj value. As
power consumption increases,CCj value increases. These results
confirm the results of new ranking. It is concluded that the new
ranking method of carbonate rock is reasonable and acceptable
for evaluating the power consumption of carbonate rocks.
According to Figure 8, meaningful correlations between power
consumption and CCj value was obtained with the prediction
equations given as follows:
PcTest1 = 540.81× Ln(CCj)+ 2418, (22)
PcTest2 = 1098.7× Ln(CCj)+ 4639.7, (23)
PcTest3 = 2583.1× Ln(CCj)+ 8055.2, (24)
where PcTest 1, PcTest 2 and PcTest 3 are the power consumption
for first, second and third test, respectively. W and CCj is the
ranking value.
5. Conclusions
The prediction of power consumption in rock sawing
process is very important in cost estimation and the best
planning of the plants. An accurate estimation of power
consumption of ornamental stone helps to make the planning
and managing of ornamental stone sawing projects more
efficient. In this paper, a decision support system was
developed for ranking the power consumption of carbonate
rocks (one ofmost important families of ornamental stone). This
system is designed to eliminate the difficulties in taking into
considerationmany decision criteria simultaneously in the rock
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the sawability of carbonate rocks. In this study, FAHP and
TOPSIS methods were used to determine the sawability degree
of the carbonate rocks. FAHP is utilized for determining the
weights of criteria, and TOPSIS method is used for determining
the ranking of sawability of carbonate rocks. For validation
of the applied ranking system, experimental procedure was
carried out. During the sawing trials, the power consumption
was calculated. This factor was used as a major criterion for
evaluating the rock sawability of the studied rocks. Three
tests were carried out on the studied rocks, by a new fully-
instrumented laboratory cutting rig. The relationship between
power consumption and CCj was also investigated graphically
for fitting a line to the set of experimental data. Based on
this analysis, among the many functions tested (linear, power,
logarithmic, exponential), the logarithmic curve relation was
fitted to the experimental data with higher correlations than all
the other relationships. In all of the experimental procedures,
Haftomanmarble and Ghermez travertine had a maximum and
minimum value of power consumption. This issue is checked
by a new applied ranking method. The results of ranking
method confirmed it. This new ranking method of carbonate
rock is reasonable and acceptable for evaluating the power
consumption of carbonate rocks at a new stone factory which
sawed different carbonate rocks. The power consumption
ranking could be obtained with the petrographic analyses and
mechanical properties such as uniaxial compressive strength,
schmiazek F-abrasivity factor, mohs hardness and Young’s
modulus.
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